Arsenic exposures contribute significantly to the burden of preventable disease worldwide, specifically related to increased risks of cancer, diabetes, and cardiovascular disease. Most exposures are associated with natural contamination of groundwater, which is difficult to mitigate when these sources are used for drinking water. An anthropogenic source of arsenic exposure stems from the widespread use of arsenical drugs in food-animal production in the United States and China, among many countries. This use results in residual contamination of food products from animals raised with the drugs, as well as environmental contamination associated with disposal of wastes from these animals. Land disposal of these wastes can contaminate surface and ground water, and the conversion of animal wastes into fertilizer pellets for home use as well as the introduction of animal waste incinerators may increase opportunities for exposure. As an intentional additive to animal feed, use of arsenical drugs is a preventable source of human exposure. The domestic practice of using these drugs in poultry production has been the subject of media attention and limited research, though the use of these drugs in domestic swine production and in the rapidly growing foreign animal production industry remains largely uncharacterized. This continued expansion of arsenical drug use may likely increase the burden of global human arsenic exposure and risk.
Introduction
Arsenic exposures are among the most important environmental health risks in many regions of the world. Arsenic is a human carcinogen, 1 and is also associated with increased risks of several noncancer endpoints, including cardiovascular disease, diabetes, neuropathy, and neurocognitive deficits in children. [2] [3] [4] Most nonoccupational exposures to inorganic arsenic compounds are associated with drinking water from ground-water sources impacted by natural geochemical conditions that promote solution of arsenic into water. Extensive population exposures from this route have been reported in Bangladesh, West Bengal, Taiwan, and several regions in China. Other populations are also exposed through drinking water, including Native Americans in the western United States, and populations in Mexico, Chile, and Peru in the Andean regions. human exposure, primarily by avoiding impacted aquifers and also by advanced drinkingwater treatment methodologies. In contrast, there has been little attention to more readily preventable sources of arsenic exposure, specifically those resulting from the use of arsenical compounds as feed additives for pigs and poultry for both prophylactic purposes and for the nontherapeutic goal of growth promotion. In this chapter, we discuss the use of arsenicals in food-animal production and the evidence associating this use with increased levels of arsenic compounds in edible tissues. In addition to food consumption, the use of arsenicals in animal feeds results in environmental pathways of exposure owing to waste-disposal practices common to intensive or industrial food-animal production. These are the main topics of this paper.
Use of Arsenicals in Food Animal Production
Arsenicals have long been utilized in the production of cattle, pigs, and poultry in the United States and other countries. 5 Several organoarsenical compounds are currently allowed by the U.S. Food and Drug Administration (FDA) as feed additives for poultry and swine in dosages from 25 to 200 mg/kg (Table 1) . As shown in Table 2 , two organoarsenicals, roxarsone (3-nitro-4-hydroxyphenylarsonic acid, brand name, 3-nitro) and arsanilic acid (2-aminobenzenearsonic acid or C 6 H 8 AsNO 3 ) are permitted for use in 58 promoting growth; only roxarsone is permitted for disease prevention as well as growth promotion. In pigs, the same compounds are permitted as feed additives for prevention of swine dysentery and also for growth promotion. To reduce tissue levels of arsenic, a withdrawal period is required prior to slaughtering animals for consumer products.
Unfortunately, information is not available on actual or total amounts in use since feed formulation is considered confidential business information in the United States and other countries. The available data suggest that arsenical use is quite prevalent in food production. 6 The Institute for Agriculture and Trade Policy (IATP), a U.S. nongovernmental group, estimates that annual use of arsenical drugs exceeds 2 million lb.
Use of Arsenicals in Other Countries
Arsenicals are widely used in food-animal production around the world, including Latin America (C. S. Arriola, DVM, personal communication) and China. Like many countries in Asia, China has experienced an explosive transformation of food-animal production from traditional smallholder methods to an integrated industrial model. 8 Accompanying these changes in organization and intensity, food animals are increasingly raised with feeds containing a range of additives for growth promotion and prophylaxis. A recent Chinese study of arsenic in swine feeds reported a wide range of concentrations, as high as 37 mg/kg feed, with the highest levels found in weaner feeds. 9 Nearly one-third of feeds examined by the investigators exceeded the regulatory limit of 2 mg arsenic per kg of feed.
Food Contamination by Arsenicals in Animal Feeds
There is minimal information on levels of arsenic compounds in consumer poultry or meat products derived from animals fed arsenical drugs. In the United States, the regulation of residues in foods is complex: the Environmental Protection Agency (EPA), the FDA, and the U.S. Department of Agriculture (USDA) share the responsibility for control of residues of veterinary drugs, pesticides, and environmental contaminants in meat and egg products. 10 Tolerance levels for animal drug residues, which are shown in Table 3 , are set by the Center for Veterinary Medicine within the FDA, while the responsibility of residue monitoring lies with the Food Safety and Inspection Service (FSIS) of the USDA, conducted through the National Residue Program (NRP), founded in 1967. 10 In the case of roxarsone, tolerance levels set by the FDA date back in excess of 50 years [New Animal Drug Application (NADA) 7-891], prior to the substantial increase in knowledge of the toxicity of arsenic compounds. 11 In this regard, the degree of public health protection afforded by There are also indirect pathways of meat contamination by arsenicals, as discussed later in the chapter. Rendered products from poultry slaughterhouses are routinely recycled into animal feeds for a range of species, including fish, pigs, and cattle. This secondary route of food contamination, in which higher levels of arsenic were found in beef products prepared from cattle provided feeds in which rendered poultry were added as compared to cattle provided feeds without poultry by-products, was reported in the literature. 13 Over the past 50 years, the FDA has conducted limited monitoring of arsenic in food. In the 1970s, the FDA found higher levels of arsenic in chicken (muscle and liver) (a range from nondetect to as high as 0.5 mg/kg), considerably higher than in other meats, eggs, or milk.
14 The estimates of consumer exposure in this publication were based on total diet composites, but they are not informative, since poultry consumption was combined with consumption of meat and fish, and it is known that fish and shellfish can contain relatively high levels of arsenobetaine, a much less toxic form of arsenic. 12 The USDA monitoring program for arsenical drug residues is also inadequate, and since 2002, the FSIS arsenic sampling effort has been reduced in both scope and the number of samples processed (seen in Table 4 ). However, the number of types of food products sampled for arsenic has dramatically decreased between 2002 and 2005, with the most recent sampling schedule considering only arsenic in egg products. The continued monitoring for arsenic in eggs does not relate to the issue of arsenicals in feed, since arsenical drugs are not permitted for use in laying hens. In the case of poultry and swine, no sampling has been conducted since 2004.
The utility of the FSIS/NRP arsenic sampling regimen is further plagued by other issues. In recent years, domestic sampling of poultry has been limited almost exclusively to examination of arsenic concentrations in liver tissues. Muscle tissue, the most commonly consumed part of the chicken, has been largely excluded from analyses, complicating exposure assessments. In addition, the limit of detection for these arsenic analyses is relatively high (0.2 ppm) as compared to analytical capabilities demonstrated in another examination of arsenic in meat, 7 leading to the conclusion of "nonquantifiable" concentrations in tissues that may actually have biologically relevant levels of arsenic. Further, in consideration as an incremental contribution to total arsenic exposure in consumers of animal products, allowable residue concentrations (displayed in Table 3 ) may not provide an adequate margin or protection, especially given recent evidence suggesting effects of arsenic at lower exposure levels.
Studies by industry and other sources indicate that levels of arsenicals increase in poultry flesh over the period of time in which roxarsone-containing feeds are supplied. Promotional materials provided by Alpharma, manufacturer of Roxarsone, indicate that levels in muscle and liver are elevated after 7 weeks of exposure. 15 These levels are significantly higher than those found in a limited survey of commercial poultry products conducted by IATP. 7 IATP found that, while all products met FDA's 1951 regulatory limit of 2 ppm, the levels of total arsenic in consumer poultry products were substantially higher from conventional producers as compared to organic producers (who do not use organoarsenical drugs).
A literature search conducted on 11/20/07 turned up no additional data on levels in consumer poultry products, and no relevant data on arsenic levels in pork products.
Exposures to Arsenic Residues in Poultry Products
An important element in evaluating potential risks of consumer exposure to arsenic in poultry or pork involves the rates of chicken and pork consumption. While pork consumption has remained relatively constant in the United States over the past 10 years, rates of poultry production have increased nearly fivefold 16 and rates of per capita poultry consumption have more than tripled from 1960 to 2005, from approximately 28 lb/person to over 86 lb/person 17 (see Table 5 ). As shown in Table 6 , data from USDA indicate that similar increases in the growth rate of poultry consumption have occurred in China, more than doubling from the decade 1970-1980 to the decade 1990-1999. 18 Moreover, not all people consume the same amount of poultry products. As discussed by Lasky et al., while average consumption rates are 2 oz (60 g) per day, heavy consumers may take in 10 times this amount. 19 Thus at the high end, a consumer could ingest between 37 and 54 μg inorganic arsenic per day. Using exposure factors provided by the EPA, 20 the arsenic intake from high-end poultry consumers substantially exceeds the arsenic intake incurred by drinking water at the current arsenic maximum contaminant level (between 14 and 23 μg inorganic arsenic per day). This is substantially in excess of the most recent risk assessment conducted for arsenic exposure (via drinking water) by the NRC. 12 The use of roxarsone in poultry feed is also associated with the evolution of arsenic and roxarsone resistance in bacteria isolated from poultry products. 21 The health implications of this phenomenon are not clear, since arsenicals are not used to treat bacterial infections, but it is another piece of evidence associating this use with arsenic in the poultry environment.
Arsenic in Poultry and Swine Waste
The contamination of food-animal wastes by arsenic compounds is directly related to the addition of arsenicals to animal feeds. This issue has not been addressed by any regulation. Arsenicals are excreted by animals in proportion to the concentrations administered in feed, as first reported by Overby and Frost in 1960. 22 Alpharma, the manufacturer of the Roxarsone brand "3-nitro TM ," reports that 43 mg of arsenic (150 mg of roxarsone) is excreted throughout the life span (42 days) of a broiler bird on dietary Roxarsone. 23 Poultry litter contains arsenic in both the forms of the parent compound, and other arsenic compounds. 24 These "other" arsenic compounds include products of roxarsone metabolism in broiler chickens during passage through the digestive tract, and postexcretion environmental degradation. 25 Morrison collected composite poultry litter that had been in use for between 6 and 12 months from 11 broiler houses located on three farms in Arkansas. 24 Samples were taken from different areas of the poultry houses, including near the feeders. The broilers were on a diet that included 50 mg/kg of roxarsone for a period of 8 weeks. The poultry litter samples were analyzed for both roxarsone and arsenic compounds. The author reported roxarsone concentrations ranging from 34 to 54 mg/kg in the analyzed poultry litter samples. Thirty-six to 88% of the arsenic in the poultry litter was in the form of roxarsone. Webb and Fontenot analyzed samples of broiler litter from Virginia broiler houses. They reported an average of 40.4 mg/kg total arsenic (n = 41) in broiler litter. 26 The range of arsenic reported was 1.1-59.7 mg/kg. The authors did not assay for roxarsone. The overall input of arsenic from broiler poultry waste has been estimated to be between 20,000 and 50,000 kg per year in Maryland, Delaware, and Virginia, based upon waste production and numbers of broilers. 27 This calculation underestimates the actual concentration of arsenic in litter, given that it does not account for arsenic in litter resulting from spilled roxarsone-containing feed. Li and Chen also studied arsenic concentrations in pig manure, which ranged from 0.4 to 119 mg/kg. Consequent to the tremendous growth in swine production in China over the last 10 years, environmental loadings of arsenic in swine waste (which is managed by land application), are expected to increase given estimates based on 1999 data for waste production in Beijing Province (averaging 77.3 g/ha/y) published by Li and Chen. 9 Thus, China and the United States share an environmental burden of arsenic inputs from food-animal production.
Fate of Arsenical Drugs Resulting from
Poultry-House Waste Management Figure 1 illustrates the environmental fate of arsenical drugs used in food-animal production and the potential pathways of human exposure to arsenic. As discussed previously, several arsenic compounds are found in poultry waste (no similar studies have been conducted on swine waste). These organoarsenicals are rapidly degraded into inorganic arsenic, which is readily leachable, particularly in the presence of high levels of phosphorus present in poultry waste. Thus arsenic in poultry waste is largely in the highly toxic inorganic form and can readily move in the environment. This can result in two routes of potential exposure: (1) contact with soils on which animal-house wastes are disposed or contact with fertilizers made from animal wastes, and (2) contamination of groundwater used for drinking water.
Use of Animal Wastes as Fertilizers
The traditional management strategy for animal wastes is application to agricultural land as fertilizer. This practice developed over millennia of animal husbandry, and caused relatively few ecological or health problems before the industrialization of food-animal production, which resulted in massive concentrations of thousands of animals in a restricted geographic region in both the United States and China. 28 In the United States, the Clean Water Act has been applied to the regulation of land application of animal wastes. However, these regulations are designed to address land application of manure solely with respect to nutrients (nitrogen and phosphorus). Poultry waste is not included as a waste source subject to the requirements of the rule. Thus there is no control over inputs of arsenic resulting from land application of poultry or swine.
The pressure to reduce nutrient overloading of agricultural land and runoff of nitrogen and phosphorous into nearby surface waters has encouraged poultry producers to look to other methods of disposal for poultry-house waste (PHW). Similar to a management practice originating from disposal of processed human biosolids dating back to the 1920s, 28a the practice of pelletization of PHW for commercial sale in home-garden stores for use as fertilizer in residential and commercial settings has become more common in recent years. The pelletization process entails the heating, crushing, and cooling of PHW into a compact, dried pellet form. This does not remove arsenic found in the waste. A recent study of pelletized PHW found pellet arsenic concentrations ranging from 12 to 27 mg/kg, 29 comparable to those reported in unpelletized waste. [30] [31] [32] The sale of pelletized waste is of particular concern, since its residential and commercial use introduces PHW (and thus arsenic) exposures in previously unexposed populations.
The incineration of PHW for energy generation is another alternative management practice that has been increasing in frequency. 33 Like pelletization, the incineration process does not directly address the arsenic content of PHW, and as a result, burning waste may result in arsenic releases into the environment, either through stack emissions or through the land application of ash generated during the incineration process. Currently, there are a number of PHW incinerators operating in the United Kingdom 33 and in Minnesota, with expansions under way in North Carolina, Arkansas, Mississippi, and Maryland, and planned projects for Alabama, Georgia, and Texas. 34 To date, arsenic releases from the PHW incineration process have not been studied.
PHW has also been used as feed for cattle, sheep, and goats, 35, 36 though literature on the extent to which ingested PHW may contribute to arsenic in beef or milk derived from animals receiving the waste is limited. A study of heifers receiving corn-based feed with and without PHW found that arsenic concentrations in the kidneys and fat tissues of heifers receiving PHW-amended feed were higher. 37 Researchers investigating cattle raised drinking arsenic-contaminated groundwater found increasing levels of arsenic in milk with increasing ground-water arsenic concentrations. 38 In a different study, dairy cows consuming feed supplemented with either roxarsone or arsanilic acid produced milk with increasing arsenic concentrations as a function of administered dose of both drugs. 39 These findings raise the question as to whether arsenic intakes from ingested PHW may also lead to increased arsenic content in milk. In addition to the use of PHW as a feed amendment for other animals, dead broilers, frequently referred to as "poultry mortalities," are regularly processed and included in feed for cattle and swine, 40 creating an additional arsenic exposure pathway through the consumption of dairy and pork products.
Impact of Arsenic in Poultry Wastes on Groundwater
Roxarsone in broiler litter is degraded by both physical, chemical, and biological processes to arsenite (As III ) and arsenate (As V ) either in litter or soil. 41 The finding that arsenate is a key degradation product from roxarsone is important because arsenate in drinking water has been associated with increased risks of cancer. Moreover, these forms of arsenic found in poultry-house litter are soluble and can be leached from litter-amended soil, where it becomes available for downward migration into groundwater, as first described by Overby and Frost, and tested directly by Arai and Garbarino. 30, 32, 42 Jackson et al., studying poultry litter from broiler houses in Georgia, Alabama, and South Carolina, reported that 71% of the arsenic was water soluble, 25 in agreement with the results from Garbarino et al. 32 Arsenic in poultry waste is highly leachable because of its inorganic form and because of the concurrent presence of high concentrations of phosphorus. Rutherford et al. assessed the mobility of arsenic from land-applied roxarsonecontaminated poultry litter in soils under experimental conditions 31 and reported that the leach rate for arsenic was sufficiently slow to allow accumulation of arsenic in soil, although the arsenic remained water soluble. However, information on soil levels and mobility of arsenic in areas that have been amended with poultry litter for several decades (as is the case for the eastern shore of Maryland) are limited. Using an indirect approach, Han et al. compared arsenic concentrations in soil samples (taken from 0 to 5 cm depth) previously amended with poultry waste for upward of 25 years, to concentrations of arsenic in poultry litter generated from the area. 43 The arsenic concentration in amended soil was significantly lower than the arsenic concentration in poultry litter in the area, suggesting the arsenic from the litter-amended soil can migrate into groundwater or leach out as runoff. The interactions between arsenic and phosphate have also been examined, since phosphate is a known competitor for soil-binding sites. 44 This interaction is important because poultry litter is rich in phosphorus, often in excess of 2000 mg/kg. 45 Jain and Loeppert found that phosphate reduced adsorption of arsenate and arsenite on ferrihydrite over a pH range from 3 to 10. 46 This study indicates that arsenate in poultry litter-amended soil may be more readily available than arsenic from other sources with lower arsenate-to-phosphate ratios.
There have been no studies of arsenic in groundwater in relation to food-animal production. We have carried out the first study of tap water, sourced from groundwater, in a region of intensive broiler poultry production in the United States. We studied associations between poultry production, poultry-waste disposal, and concentrations of arsenic in tap water in the Eastern Shore region of Maryland. This is a region of intensive and historic broiler production; in this area (including Delaware and Virginia), both private and public water supplies are exclusively obtained from groundwater. There are some data on arsenic levels in surface and groundwater in this region. Miller et al. 47 and Denver et al. 48 conducted surveillance for arsenic in the Pocomoke area of Delmarva (Wicomico county). Pore water (shallow water) collected from agricultural fields had the highest concentration range of arsenic (6.8-29 ppb) . The Maryland Geological Survey also completed surveillance for arsenic in groundwater in several counties within this region. 49 Preliminary data indicate elevated arsenic concentrations (>10 ppb) in 1% of the samples, but there was no attempt to associate these findings with land use or poultry production. Our study is investigating associations between areas where poultry waste is used for land amendment and levels of arsenic in tap water sourced from ground-water aquifers overlaid by these regions, including areas where poultry wastes are disposed of on land. 50 
Occupational Exposures to Arsenicals in Animal Feeds and Wastes
Before the introduction of alternative animal-waste management strategies, exposures to waste-borne arsenic were limited primarily to poultry and swine workers, farmers, farm workers, and communities living near intensive animal production facilities. However, with the introduction of pelletization and incineration, the potential for exposure to waste (and waste-borne arsenic) may be extended to the general population. While exposures to these populations are of critical importance, those experienced by animal production workers are expected to be of even greater magnitude, and as a result, those persons are likely at highest risk of deleterious effects from arsenic. Workers in animal production houses are also likely to come into contact with roxarsone in air and dusts, prior to its conversion to inorganic arsenic Basu et al. found that in cultured human epithelial cells, roxarsone displayed a higher angiogenic potential and reduced cytotoxicity as compared to arsenite, 51 suggesting the possibility for roxarsone-induced vascular changes that may be precursors to tumors and vascular disease.
Conclusions and Recommendations
Humans are exposed to arsenic via a number of environmental and dietary sources, all of which contribute to individuals' cumulative arsenic burdens. Many of these sources, such as naturally occurring arsenic in groundwater, are difficult or expensive to control, and as a result, challenges exist in mitigation of these exposures. Contrarily, as an intentional additive to poultry feed, the removal of arsenicals from the feed regimen is a cost-free intervention, mitigating not only exposures resulting from exposures to waste-born arsenic, but also eliminating dietary exposures through consumption of contaminated animal products.
A recent study of poultry production in Denmark has demonstrated that the use of growth-promoting antimicrobial drugs (including roxarsone) was ceased at no economic loss to the producers of poultry and a slight (1%) loss to the producers of swine. 52 The findings of this study suggest that similar practices could be adopted domestically and abroad.
Public pressures in recent years have been at least partly responsible for changes in roxarsone use within the poultry industry. A number of large-scale poultry producers have announced the removal of roxarsone and other growth-promoting antibiotics from their broiler feed regimen, 53, 54 and other broiler producers have publicly indicated a diminished (though not ceased) use of the drug. 55 In addition, some pressure has been exerted on poultry producers by companies in the restaurant industry who have prohibited their suppliers from using growth-promoting antibiotics (including roxarsone) in the production of chickens for use in their restaurants. 56 Further, some large-scale catering suppliers have also banned the use of meat from animals raised with nontherapeutic antibiotic treatments in their business. 57 The presence of arsenic in animal waste severely limits its management options. Given the enormous volume of waste generated annually by the production of poultry and swine, concerns exist regarding difficulties associated with the responsible nutrient management, independent of environmental hazards originating from its arsenic content. Arsenic in animal waste further complicates its management by precluding the feasibility of newer practices that might be effective in preventing the movement of nutrients away from saturated agricultural land. Management strategies utilized to dispose of animal wastes present a variety of pathways of human exposures to arsenic. Land-applied raw and pelletized wastes introduce opportunities for direct human exposure to arsenic through inhalation of suspended dust particles, incidental soil ingestion, and dermal contact with soils and soil dust. The potential contamination of ground and surface waters through leaching and runoff of arsenic may lead to human exposures through the ingestion of drinking water from these sources. Dermal and inhalation exposures to suspended particles created during the incineration of animal wastes or from windblown dust after application of wastes to land may also be of concern, though arsenic concentrations in these media have yet to be measured.
While a growing body of evidence exists suggesting that the use of arsenical drugs in animal production poses risks to human health and the environment, the use of these arsenicals persists domestically and appears to be on the rise as industrial animal production becomes more prevalent abroad. 8 For this reason, it is important to develop global recommendations on food-animal production, including the formulation of animal feeds and the regulation of animal wastes.
